Damaging interactions between antibodies and brain antigenic targets may be responsible for an expanding range of neurological disorders. In the case of systemic lupus erythematosus (SLE), patients generate autoantibodies (AAbs) that frequently bind dsDNA. Although some symptoms of SLE may arise from direct reactivity to dsDNA, much of the AAb-mediated damage originates from crossreactivity with other antigens. We have studied lupus AAbs that bind dsDNA and cross-react with the NR2A and NR2B subunits of the NMDA receptor (NMDAR). In adult mouse models, when the bloodbrain barrier is compromised, these NMDAR-reactive AAbs access the brain and elicit neuronal death with ensuing cognitive dysfunction and emotional disturbance. The cellular mechanisms that underlie these deleterious effects remain incompletely understood. Here, we show that, at low concentration, the NMDAR-reactive AAbs are positive modulators of receptor function that increase the size of NMDAR-mediated excitatory postsynaptic potentials, whereas at high concentration, the AAbs promote excitotoxicity through enhanced mitochondrial permeability transition. Other synaptic receptors are completely unaffected by the AAbs. NMDAR activation is required for producing both the synaptic and the mitochondrial effects. Our study thus reveals the mechanisms by which NMDAR-reactive AAbs trigger graded cellular alterations, which are likely to be responsible for the transient and permanent neuropsychiatric symptoms observed in patients with SLE. Our study also provides a model in which local AAb concentration determines the exact nature of the cellular response.
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autoimmunity | mitochondrial stress | neuropsychiatric lupus | NMDA receptor S ystemic lupus erythematosus (SLE) is a chronic autoimmune disease that affects ∼0.2% of the world's population, with up to 90% of the cases occurring in women of childbearing age (1, 2) . The symptoms of SLE include arthritis, immunologic abnormalities, blood disorders, serositis, malar rashes, renal damage, skin rashes, and neurological disorders (3, 4) . Use of immunosuppressive therapy, combined with antibiotic treatment that prevents the infectious complications of therapy, has extended the survival of SLE patients. However, as patients live longer, many develop abnormalities in either the central nervous system (CNS) or the peripheral nervous system that are collectively termed neuropsychiatric lupus (NPSLE) (5-7). The most common symptoms in NPSLE are cognitive impairment and emotional imbalance, which may have devastating consequences for the patient's quality of life. Additional CNS symptoms include anxiety, seizures, and psychosis.
SLE is characterized by the presence of autoantibodies (AAbs) that bind multiple self-antigens, although dsDNA has been identified as a major self-antigen, making dsDNA-reactive AAbs a diagnostic criterion for SLE (3, 4) . Paradoxically, although some symptoms may arise from AAb reactivity to dsDNA, much AAbmediated damage originates from cross-reactivity to other selfantigens (2) . Clinical studies indicate that 40-50% of SLE patients carry AAbs that cross-react with dsDNA and NMDA receptors (NMDARs) (8) (9) (10) (11) (12) (13) (14) . These AAbs are present in the blood but can also be found in the cerebrospinal fluid and brain parenchyma of some patients with SLE (8, (15) (16) (17) (18) . Elevated titers of these AAbs in cerebrospinal fluid correlate with manifestations of NPSLE within the CNS (8, 10, 18, 19) . We have shown that NMDARreactive AAbs bind to the receptor by recognizing the 5-amino acid consensus sequence D/E W D/E Y S/G (DWEYS, for short) present in the NR2A and NR2B subunits (15) . The DWEYS motif is localized in the extracellular, amino-terminal domain of NR2A (residues 283-287, sequence DWDYS) and NR2B (residues 284-288, sequence EWDYG) (20) . Injection of murine or human monoclonal AAbs, with DWEYS specificity, into the hippocampus and cerebral cortex of mice results in local loss of neurons. Human AAbs with this specificity induce activation of caspase-3 in cultured human and murine neurons (15, 17) .
We have used murine models to demonstrate a causal relationship between NMDAR-reactive AAbs and impairments in cognition and behavior (15, 17, (21) (22) (23) (24) . The proposal that NMDAR-reactive AAbs are causal agents for the symptoms of NPSLE must address the transit of AAbs from the blood into brain parenchyma. When mice are immunized with a multiantigenic peptide that consists of several copies of the DWEYS sequence multimerized on polylysine (MAP-DWEYS), the animals produce AAbs against DWEYS, dsDNA, and NMDAR. Surprisingly, even high serum titers of DWEYS-reactive AAbs do not elicit toxic effects in the brain. Intravenous injections of monoclonal AAbs are also innocuous to the brain. These negative results highlight the importance of the blood-brain barrier (BBB) in protecting the brain from exposure to potentially disruptive AAbs (23) . Consequently, we have studied immunized mice after administration of agents that mimic in vivo events, such as inflammation and stress, which disrupt the BBB to allow penetration of circulating molecules into the brain. LPS is a bacterial component that induces inflammation and disturbs BBB integrity. Mice immunized with MAP-DWEYS and subsequently injected with LPS exhibited selective neuronal damage in the hippocampus (22) . Epinephrine, which also disrupts the BBB, caused neuronal damage localized to the lateral amygdala in MAP-DWEYS immunized mice (21) . Thus, the nature of the agent that impairs BBB integrity determines the brain region that will be affected by NMDAR-reactive AAbs. Behavioral assays in these animals have provided a reasonable model for the memory impairment and emotional disturbance observed in NPSLE.
Excitatory synaptic transmission occurs between glutamatereleasing presynaptic terminals and postsynaptic receptors such as NMDARs and amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPARs). NMDARs are assembled with NR1, the essential channel-forming subunit that binds glycine and determines calcium permeability, and NR2 (A, B, C, and D) or NR3 (A and B) subunits that bind glutamate and regulate deactivation (25) . When NMDARs work within the homeostatic range, they participate in synaptic plasticity (26) and activate cell survival-promoting cascades (27, 28) . Conversely, prodeath signals emerge from NMDAR hypoactivity or hyperactivity (27, 28) . The latter is marked by sustained rises in cytosolic calcium that accumulates excessively in organelles, especially mitochondria, resulting in depolarized mitochondrial membrane potential, lowered respiration, and increased production of reactive oxygen species (29) . Following insult, mitochondria may either recover their membrane potential or undergo mitochondrial permeability transition (mPT), an irreversible collapse marked by an increase of inner membrane permeability and swelling, that is mediated by the formation of the mPT pore (30) . Only a fraction of mitochondria needs to undergo mPT for apoptosis to occur (31) . This event correlates with the release of proapoptotic factors and can be blocked by cyclosporine A (CSA), a potent mPT inhibitor (32, 33) .
This study adapts the ex vivo hippocampal slice to explore AAb pathogenicity. This preparation allows us to preserve CA1 neurons as mature cells in a biologically relevant network, and permits the study of AAb neurotoxicity in an environment that may closely replicate the situation in vivo. We elucidate the cellular responses to varying concentrations of NMDAR-reactive AAbs and show that they function as modulators that amplify NMDAR-mediated synaptic signaling at low concentration and promote excitotoxicity through enhanced mitochondrial permeability transition at high concentration. Thus we provide a model for discrete CNS symptoms occurring as a function of Ab concentration.
Results

SLE AAbs Selectively Augment NMDAR-Mediated Synaptic Signaling.
To study the effect of SLE AAbs within the microenvironment in which NMDAR activation and NPSLE occur, we used ex vivo hippocampal slices of female Balb/cJ mice (8-16 wk of age). We showed previously (15) that R4A, a murine monoclonal AAb crossreactive with dsDNA and DWEYS, bound NMDARs in PC12 cells and caused neuronal death in vivo; therefore, we used R4A for modeling NMDAR-reactive AAbs and murine IgG2b as the isotype control Ab. We first determined, by immunocytochemistry, that R4A bound robustly to NMDAR-expressing cells in the CA1 region of the hippocampus; and that the R4A signal colocalized with the neurotransmitter glutamate in CA1 cells (Fig. 1A) .
NMDAR-mediated synaptic responses were recorded as field excitatory postsynaptic potentials (fEPSPs) and excitatory postsynaptic currents (EPSCs) in CA1 (34) . We studied NMDARs in pharmacological isolation by adding the appropriate blocking agents to the solution bathing the slice (NMDAR mixture in SI Methods). For each experiment, after establishing baseline synaptic responses (0.1 Hz stimulation, 10 min), the AAb was added for 10 min. R4A enhanced NMDAR-mediated fEPSPs in a concentration-dependent manner (Fig. 1B) , and the NMDAR antagonists MK-801 (50 μM) or AP5 (50 μM) blocked this effect (Fig. 1C) . Crucially, IgG2b failed to alter the fEPSPs ( Fig. 1 B and C). Whole-cell recordings of CA1 cells revealed steeper currentvoltage curves in cells treated with R4A (30 μg/mL), compared with IgG2b (30 μg/mL) (Fig. 1D) . The N/A ratio (NMDARmediated EPSC at +40mV over AMPAR-mediated EPSC at −60mV, used for standardization between cells) was doubled during R4A (45 μg/mL) treatment as compared with untreated and IgG2b-treated cells (45 μg/mL) (Fig. 1E) . Importantly, the addition of R4A (45 μg/mL) in the absence of synaptic activation resulted in unchanged NMDAR-mediated fEPSPs (Fig. 1C) and N/A ratios (Fig. 1E) , when the values before R4A exposure were compared with those immediately after R4A washout, demonstrating that R4A by itself did not affect NMDARs. Thus, we showed that R4A acted selectively as a positive modulator that enhanced the NMDAR responses triggered by glutamate.
The failure of R4A to alter the NMDAR-mediated responses in the absence of synaptic stimulation suggested that R4A preferentially interacted with open NMDAR channels. To assess this possibility, we reasoned that MK-801 (irreversible blocker of synaptic NMDARs; Fig. S1 ), applied during synaptic activation, may stabilize the NMDAR pore in its open-state configurations (35) . Therefore, slices were treated with MK-801 (50 μM) during strong stimulation, fixed, cut into thin sections (30-40 μm), and stained with R4A or IgG2b. R4A displayed approximately twofold greater binding to slices that were pretreated with MK-801 than to nontreated slices and colocalized with NR2A/B; IgG2b bound neither tissue (Fig. 1F and Fig. S2 ). We thus concluded that R4A exhibited preferential binding to the open pore of the NMDAR.
To confirm the functional selectivity of NMDAR-reactive AAbs, we examined other neurotransmitter systems that might possibly be affected by the AAbs. We studied AMPARs by isolating them pharmacologically (36) with the appropriate blocking agents (AMPAR mixture described in SI Methods). We found that AMPAR-mediated fEPSPs and EPSCs were unaffected by R4A even at a high AAb dose (200 μg/mL) ( Fig. 2 A and B) . In addition, we studied inhibitory postsynaptic potentials (IPSPs), mediated by receptors for γ-amino-butyric acid of the A type (GABAaRs) and the B type (GABAbRs). To accomplish this, we modified the mixture of blocking agents (GABAR mixture described in SI Methods). R4A had no effect on the IPSPs that were mediated by GABAaRs and GABAbRs (Fig. 2C) . Presynaptic function was examined with the paradigm of paired pulse facilitation (36) . This phenomenon was not altered in the presence of R4A (Fig. 2D) . Thus, we showed that R4A had a null effect on other receptors within the CA1 region and would enhance but not initiate NMDAR activation.
SLE AAbs Bind to NMDARs. A clear specificity of R4A for the NMDAR was established by using ELISAs, Western blots, and immunoprecipitation assays (Fig. 3 A and B) . ELISAs were performed on recombinant, extracellular domains of NR2A and NR2B, ensuring that the DWEYS epitope was well exposed. R4A bound both subunits in a dose-dependent manner, whereas mouse IgG2b showed null binding (Fig. 3A) . We next determined the binding of NMDAR-reactive AAbs to native NMDARs by immunocytochemistry. Because R4A could react with dsDNA, we treated the brain sections with DNase to reduce DNA reactivity. Immunostaining with R4A revealed strong binding to CA1 cells (Fig. 3C) . Notably, the R4A signal colocalized with glutamate (Fig. 1A) and NR2A/B within CA1 cells (Fig. S3) . Crucially, the control IgG2b failed to show binding to NMDARs (Fig. 1A and 3C) . Collectively, these results showed that R4A reacted specifically with the NR2A and NR2B subunits, in their native and denatured states. ) method for imaging mPT (37, 38) to hippocampal slices (Fig. S4) . The agonist NMDA (10 mM) activated NMDARs and produced a slight increase in mPT (Fig. S5) ; thus, we coapplied R4A with NMDA and found that R4A produced a dose-dependent amplification of NMDA-induced mPT (Fig. 4) , consistent with R4A binding NMDARs that were already activated. Interestingly, a significantly higher R4A concentration was required to induce mPT (100 μg/ mL) than to enhance NMDAR-mediated fEPSPs (15 μg/mL). This effect was blocked by AP5 as well as ifenprodil (NR2B-specific antagonist); IgG2b had no effect (Fig. 4D) . In the absence of NMDA, R4A did not amplify the baseline mPT (Fig. 4D) . 200 μg/mL, T = 5.6; 100 vs. 200 μg/mL, T = 4.1; **P < 0.001, t test). Ratio for R4A at 200 μg/mL is significantly lower than R4A-alone (T = 9.6, **P < 0.001, t test) and IgG2b+NMDA (T = 5.8, **P < 0.001, t test). NMDAR inhibitors MK-801 (100 μM), AP5 (2.5 mM), and ifenprodil (10 μM) completely block mPT when coapplied with R4A (200 μg/mL) and NMDA (10 mM). Optical density values (mean ± SD), measured on ELISAs, for binding of G11 (5 μg/mL, n = 12) and control Ab B1 (5 μg/mL, n = 12) to NR2A and NR2B. Student t tests reveal significant binding for G11 vs. B1 (NR2A, T = 8.2; NR2B, T = 5.2; **P < 0.001). (B) CA1 neurons treated with DNase and stained with G11 and B1 (each at 10 μg/mL) followed by FITC-conjugated secondary Ab; G11 section is also stained with Ab against glutamate. (Scale bar: 20 μm.) sp, stratum pyramidale; sr, stratum radiatum. (C) Graph shows NMDAR-mediated fEPSPs (mean ± SEM) at increasing concentrations of G11 and B1 (n = 10-12 per level). ANOVA reveals a significant concentration effect for G11 vs. B1 (F = 9.8, P < 0.05). (Inset) Traces recorded after 10-min exposure of G11 or B1 (each at 50 μg/mL). [Scale bar: 0.5 mV (y axis), 50 ms.] (D) Graph (mean ± SEM) shows enhancement of NMDARmediated fEPSPs by G11 (50 μg/mL, n = 12), null effect of the innocuous Ab, B1 (50 μg/mL, n = 10), and lack of enhancement by G11 in the absence of synaptic stimulation (G11-alone, n = 10). Student t tests reveal significant differences (B1 vs. G11, T = 4.7; G11 vs. G11-alone T = 4.2; **P < 0.01). (E) Sample fields of CA1 before (T0) and 40 min after (T40) treatment with NMDA and G11. (Scale bar: 10 μm.) (F) Decrease in calcein fluorescence at T40, expressed as F/F0 ratios (mean ± SD). Notice the clear mPT amplification in the G11 group. B1 fails to enhance mPT (B1 vs. G11, T = 4.4, **P < 0.001, t test).
Human NMDAR-Reactive AAbs Enhance NMDAR-Mediated fEPSPs and mPT. We wanted to ascertain whether human SLE AAbs were modulators of the NMDAR, as shown for the murine AAb R4A. We tested G11, a monoclonal AAb that was cloned from peripheral blood B cells of a SLE patient, which displayed reactivity to NMDARs, dsDNA, and DWEYS (39) . As a control, we used B1, an isotype control human monoclonal Ab that did not react with dsDNA or NMDARs (39) . ELISAs with recombinant extracellular domains of NR2A and NR2B showed that G11 bound both subunits, whereas murine B1 showed null binding (Fig. 5A) . Immunocytochemical assessment showed that, like R4A, G11 bound excitatory pyramidal cells in CA1 (Fig. 5B) ; the control B1 displayed null binding (Fig. 5B) . Electrophysiological experiments showed that, like R4A, G11 elicited a dose-dependent increase of NMDAR-mediated fEPSPs in CA1 synapses, whereas B1 had no effect (Fig. 5C ). We also tested whether G11 was efficacious in the absence of synaptic stimulation and found that, immediately after exposure to G11 (45 μg/mL), the sizes of NMDAR-mediated fEPSPs were similar to those before AAb treatment (Fig. 5D) . These results indicated that G11 functioned as a positive NMDAR modulator in the same manner as R4A. We further demonstrated that the similarities in mechanism between murine and human AAbs carried over to effects on mPT. G11 (200 μg/mL) was capable of amplifying the NMDA-induced mPT, whereas the control B1 (200 μg/mL) was not ( Fig. 5 E and F) . Again, a significantly higher concentration of human AAb was necessary to induce mPT than to augment NMDAR-mediated fEPSPs.
NMDAR-Reactive AAbs Cause Apoptosis Through mPT. We sought to verify whether the neurotoxicity of NMDAR-reactive AAbs in vivo (15) occurred through increased mPT. Therefore, we injected AAbs directly into CA1 and, 24 h later, performed TUNEL on fixed sections to identify apoptotic nuclei. R4A and G11 injections, but not IgG2b and B1, produced clear apoptosis (Fig. 6) . We used CSA to check whether cyclophilin D (a crucial component of the mPT) was involved in the AAb-mediated apoptotic pathway. Because CSA inhibits calcineurin as well as cyclophilin D, we also tested a specific calcineurin blocker, FK506. Coinjection of R4A with CSA prevented apoptosis, while coinjection with FK506 failed to provide a neuroprotective effect, demonstrating that cyclophilin D contributes to AAbmediated apoptosis (Fig. 6 ).
High Concentrations of NMDAR-Reactive AAbs Are Present in SLE CSF.
We wanted to know whether sufficient AAb was present in CSF of SLE patients to mediate either synaptic changes or excitotoxicity. We therefore generated a standard curve for IgG binding to the DWEYS peptide, with the use of peptide-affinity purified Abs derived from the serum of three SLE patients. This procedure allowed us to address the variability in IgG subclass and affinity present in polyclonal responses. We used DWEYS reactivity as a surrogate for NMDAR reactivity. The concentration of this AAb in the CSF of patients with CNS manifestations of NPSLE ranged from 10 μg/mL to >300 μg/mL (Fig. 7) , indicating that the levels of NMDAR-reactive AAbs present in the patient's CSF might result in synaptic alteration and mitochondrial dysfunction.
Discussion
Our study represents a unique effort to adapt the adult hippocampal slice preparation to explore the AAb pathogenicity. Preserving the state of CA1 neurons as mature cells, in a biologically relevant network, allows the study of AAb neurotoxicity in an environment that may closely replicate the in vivo situation. We show here that the NMDAR-reactive AAbs, R4A and G11, function as modulators that preferentially bind to the open NMDAR pore and function only on neurons with activated synapses. Thus, AAb binding probably increases the open-state duration, a function that is regulated by glutamate (35) . We also demonstrate that pathogenic SLE AAbs require a higher titer, or higher activity, to induce neuronal stress than to induce electrophysiological changes in NMDAR-mediated synaptic transmission. This may mirror the condition of NPSLE patients, in which transient changes may reflect synaptic effects, whereas permanent damage may reflect neurotoxicity. In addition, the effects of differential AAb titer, and access to brain, may cause severe episodes in some NPSLE patients in which substantial neuronal death occurs, whereas in other NPSLE patients symptoms may be reversible. We, and others, have shown that AAb titer in CSF determines the nature and severity of NPSLE (9, (16) (17) (18) (19) . Moreover, the severity of the cognitive impairment following intrauterine exposure to AAb is directly correlated with AAb titer (24) . The fact that the range of concentrations of NMDARreactive AAb in the CSF of patients with CNS manifestations of NPSLE falls within the AAb range used in this study strongly implies that the concentrations present in CSF might alter synaptic function only or might also mediate neuronal death.
Our study provides mechanistic insights into the neuronal dysfunction mediated by AAbs in SLE. During NPSLE episodes, the AAbs might cause short-term changes but, alternatively, might cause more long-lasting degeneration. After a critical loss of neurons, there may be further neuronal death that progresses through nonimmunological pathways. Our results also illustrate how there can be both reversible and irreversible effects of AAb There is a significant concentration-dependent effect of G11 on apoptosis (34 vs. 3,400 μg/mL, Z = 2.7, P = 0.006, Mann-Whitney test). Fig. 7 . Range of NMDAR-reactive AAbs in CSF. Box plot shows NMDARreactive AAbs in CSF obtained from 32 patients with NPSLE. DWEYS-reactive IgGs are assayed by ELISA, and concentrations are then determined with a standard curve generated from peptide-specific IgG (affinity-purified from sera of three patients with SLE). Obs., observations. exposure, providing a model for distinct outcomes of Ab exposure depending solely on Ab concentration. This observation also suggests that these AAbs, potentially dangerous in SLE patients, may be harnessed for therapeutic use in instances of inadequate NMDAR function (21) .
Methods
Animals. Female Balb/cJ mice (Jackson Laboratory) were housed in groups (five animals per cage) and maintained on a 12-h light/dark cycle with food and water available ad libitum. Animals were 8-16 wk old when used for the experimental procedures, which were performed in accordance with National Institutes of Health guidelines. The Institutional Animal Care and Use Committees of Weill Cornell Medical College and the Feinstein Medical Research Institute approved the animal protocols.
Electrophysiology. The procedures for the preparation of ex vivo slices from the hippocampus and the electrophysiological measurement of synaptic responses (34, 36) , while applying AAbs, are detailed in SI Methods.
Immunocytochemistry. The techniques for immunostaining hippocampal tissue with SLE AAbs, colabeling with commercial Abs (against of L-glutamate and against NR2A/B), and for assaying TUNEL(+) cells are detailed in SI Methods.
Biochemical Assays. ELISAs were performed as described previously (22), using 5 μg/mL of the recombinant external domains of NR2A or NR2B (550-aa long) for coating the plate and the indicated concentration of AAbs (Fig. 3A) .
Western blot was done using 20-60 μg of membrane-enriched brain lysate from brains of adult BALB/cJ mice snap frozen in liquid nitrogen. R4A was used at 2.5 μg/mL for direct binding and 10 μg/mL for immunoprecipitation. Anti-NR2B Ab (A6474, Invitrogen) was used at 1 μg/mL.
Quantification of AAb in Human CSF. A standard curve was generated from DWEYS-reactive IgG that had been affinity purified from serum of SLE patients (n = 3) on a peptide column. The standard curve was used to calculate the concentration of DWEYS-reactive IgG in the CSF of 32 patients with NPSLE (8) .
Confocal Live Imaging of mPT. We developed a unique procedure for imaging mitochondrial stress in brain neurons within ex vivo slices. The implementation of the calcein-cobalt [II] (Co 2+ ) method to monitor mPT (38, 39) is described in Figs. S4 and S5 and SI Methods.
Statistical Analysis. Data are presented as mean ± SEM, or mean ± SD, as indicated. We used factorial ANOVA, repeated measures ANOVA, the Student t test, and the Mann-Whitney test to examine statistical significance, which was defined as P < 0.05.
